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Abstract. Cell permeabilization by shock waves may have application in gene therapy and 
anticancer drug delivery. In the present study we performed direct molecular dynamic (MD) 
simulation of the interaction of a single shock wave with a cell membrane to investigate the 
mechanism of the cell permeabilization.  The shock wave was characterized by an impulse that 
was expressed with a velocity determined by the change in the momentum. The cell membrane 
was designed as a dipalmitoylphosphatidylcholine (DPPC) lipid bilayer placed between two 
layers of water molecules. The MD simulation determined the relationship between water 
penetration into the bilayer, the order parameter, the fluidity of each lipid molecule, and the 
intensity of impulse. These structural changes in the bilayer may be an important factor in the 
use of shock waves to produce transient membrane permeability.  
INTRODUCTION 
Cell permeabilization using shock waves may be a promising way of introducing 
macromolecules and small polar molecules into the cytoplasm, and may have 
applications in gene therapy and anticancer drug delivery. The pressure profile of a 
shock wave indicates its energy content, and shock propagation in tissue is associated 
with cellular displacement, leading to the development of cell deformation. Shock 
waves are nonlinear, finite-amplitude waves, and the flow induced behind the shock 
waves cannot be ignored. The duration of the particle motion is the order of the pulse 
duration, dt, of the shock wave, and the displacement, d, of the particle is about the 
order of d = up × dt, where up is the induced speed, which is inversely proportional to 
the density of the particle. A rough estimate of tissue displacement obtained with a 
single shock wave generated by a clinical lithotripter is calculated to be 1-20 µm, using 
pressure data obtained in water [1]. This value is similar to that measured in rabbit 
liver resulting from a shock wave produced by detonation of an explosive micropellet 
(7-10 µm) [2]. Kodama et al.[3] reported that the shock wave impulse (defined as the 
integral of pressure with duration) is an important factor governing the temporary 
permeability increase in cell membranes necessary for delivering macromolecules into 
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cells. The detailed mechanism of the transient membrane permeability increase is still 
unclear. In present study we conducted molecular dynamics (MD) simulations of the 
interaction of the shock wave impulse with a lipid bilayer to investigate the 
mechanism. In addition, we studied the structural change of the bilayer and subsequent 
characteristic delivery of water molecules into the bilayer. 
METHOD 
A cell membrane was designed as a 32 dipalmitoylphosphatidylcholine (DPPC) 
lipid bilayer, placed between two 1200 water layers in the calculation box. This box 
was a cuboid whose longitudinal axis was set to the z-axis perpendicular to the xy 
plane. The stable liquid-crystal phase bilayer was calculated for several tens of nano 
seconds with a constant temperature of 323K and pressure of 1 bar with periodic 
boundary conditions. The detailed calculation conditions are presented elsewhere [4]. 
The velocity and positions of molecules in the system were used as initial conditions 
for applying shock wave. 
A single shock wave was applied downwards to a part of the upper water layer. The 
shock wave was characterized by an impulse that was expressed with a velocity V2 
determined by the change in the momentum in the upper water layer. The V2 was 
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where M (kg) is the mass of the water molecules in the upper layer, A(m2) is the area 
of the x-y plane in the calculation box, and IP is the shock wave impulse from 1.6 to 16 
mPa s (pressure times time) which corresponds to 0.1 to1.0 mPa s /lipid(5).  
The simulations were performed using the AMBER 7 set of programmes [6]. 
RESULTS AND DISUCUSSION 
Figure 1 shows the time evoloution of the structural change in the bilayer with an 
impulse of 0.7mPa· s. Water molecules in the stable state rarely penetrate into the 
hydrophobic region of the bilayer (Fig.1a). However, when the impulse was applied to 
the water region, a wave propagated into the bilayer, followed by movement of water 
molecules into the bilayer, and structural change occurred (Fig.1b-d). Table 1 shows 
the impulse intensity dependence of the number of water molecules delivered into the 
bilayer with the impulse, the averaged order parameter, and the lateral mass center 
velocity of all DPPC lipids. The number of delivered water molecules increased with 
increasing impulse intensity. This trend was in qualitatively good agreement with 
previously obtained experimental results. The averaged order parameter decreased 
with increasing impulse intensity and this meant the alkyl chain structure became 
disordered. Further, increase in the impulse intensity led to an increase in V2, which 
means that each DPPC lipid moves faster than those in the stable state with increasing 
impulse intensity. Therefore, we concluded that the impulse might increase not only 
the penetrataion of water molecules into the bilayer, but also the disorder of the alkyol 
chain, and the fluidity of the lipid, which might be related to transient membrane 
permeability. 
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FIGURE 1.  Structural change in the DPPC bilayer with an impulse of 0.7mPa s /lipid : The impulse is 
applied downwards to a part of the upper water layer. (a) Stable state, (b) 0.15ps, the upper water layer 
moves downwards, (c) 0.30 ps, the lower monolayer moves, (d) 0.45ps, the bilayer moves. All figures 
were made with the VMD molecular visualization programme(7) 
 
TABLE 1. Uptake of water molecules into the lipid bilayer and its structure change due to a 
single shock wave impulse. 
Impulse (mPa s) NW SCD VC 
0 1 0.14 1 
4.8 3 0.076 2 
9.6 11 0.066 7 
14.4 18 0.061 16 
NW : number of water molecules delivered into the bilayer normalized with the number of water 
molecule in the hydrophobic region of bilayer in the stable state, SCD : averaged order parameter, VC :  
lateral mass center velocity of DPPC lipids normalized with the velocity in the stable state.                                                    
CONCLUSION 
We conducted MD simulations to elucidate the mechanism of the interaction of a 
shock wave impulse with a lipid bilayer. After exposure to the impulse, a structural 
change of the bilayer and subsequent increase in the fluidity of each molecule was 
induced. These changes in the bilayer may be an important factor in the use of shock 
waves to produce transient membrane permeability. 
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